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Abstract
We discuss role of partially gravitating scalar fields, scalar fields whose energy–momentum tensors vanish for a subset of dimensions, in
dynamical compactification of a given set of dimensions. We show that the resulting spacetime exhibits a factorizable geometry consisting of
usual four-dimensional spacetime with full Poincaré invariance times a manifold of extra dimensions whose size and shape are determined by the
scalar field dynamics. Depending on the strength of its coupling to the curvature scalar, the vacuum expectation value (VEV) of the scalar field
may or may not vanish. When its VEV is zero the higher-dimensional spacetime is completely flat and there is no compactification effect at all.
On the other hand, when its VEV is nonzero the extra dimensions get spontaneously compactified. The compactification process is such that a
bulk cosmological constant is utilized for curving the extra dimensions.
© 2006 Elsevier B.V. All rights reserved.1. Introduction
The pioneering work of Kaluza [1], which states that
Einstein’s gravity and electromagnetism can be unified into
five-dimensional general relativity if the extra dimension is
barred from affecting laws of physics, has given rise to, via
Klein’s compactification approach [2,3], a wealth of higher-
dimensional theories motivated by various physical phenomena
(see the review [4]). For instance, a unified quantum-theoretic
description of gravity and other forces of nature (i.e., super-
gravity and superstring theories) cannot be formulated without
introducing extra dimensions (see, e.g., [5]). Moreover, extra
dimensions can provide a viable solution to gauge hierarchy
problem of the standard electroweak theory with no need to
low-energy supersymmetry [6]. In these and many other ap-
plications the extra dimensions are assumed to roll up to form
a sufficiently small space. The characteristic size of the extra
dimensions can vary from Planck length up to a few mm, as
allowed by the present experimental bounds.
The aforementioned scheme is incomplete in that it is nec-
essary to explain how or why extra dimensions differed so
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mensions. In other words, it is necessary to find the dynami-
cal mechanism that leads to compactification of the extra di-
mensions, that is, the macroscopic four-dimensional spacetime
times the compact manifold of extra dimensions should be an
energetically-preferred solution of the higher-dimensional Ein-
stein equations. This has been accomplished by utilizing higher-
curvature gravity [7] and by coupling Einstein gravity to matter
in a judicious way. The latter leads to spontaneous compact-
ification of extra dimensions as was first pointed out in [8].
Spontaneous compactification has been realized with Yang–
Mills fields [9], antisymmetric tensor fields [10], sigma model
fields [11,12], and conformally-coupled scalars [13]. In each
case, components of the Ricci tensor are balanced by those of
the stress tensor, and depending on the structure of the latter a
subset of dimensions are compactified.
In this work we are interested in dynamical compactifica-
tion induced by scalar fields. The role of scalars in dynamical
compactification process was first analyzed in [11,12] where a
D-dimensional minimally-coupled nonlinear sigma model with
metric hij (φ) (i, j = 1, . . . ,D) was shown to lead to a dynami-
cal compactification of D extra dimensions provided that sigma
model metric is Einstein. In other words, equations of motion
for the metric field requires the Ricci tensor Rij to be propor-
tional to hij (φ), and thus, D-dimensional extra space relaxes
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xμ (μ = 0,1, . . .) span a strictly flat Minkowski space. That
this set-up compactifies the extra dimensions yi becomes espe-
cially clear with the ansatz φi = yi or any function of yi . In the
literature role of scalars in spontaneous compactification was
also emphasized in [13] where a strictly-conformal invariant
scalar-tensor theory (though conformal invariant Weyl contri-
bution is absent) of gravity in six dimensions is shown to lead
to compactification of the two extra dimensions and simulta-
neously generate Newton’s constant spontaneously. The scalar
fields can be chosen in varying group representations depend-
ing on the desired compactification structure, and the gauge
symmetry in four dimensions turns out to be smaller than the
isometries of the compact manifold.
Obviously, the space of extra dimensions may [8,9,11,12]
or may not [12,14] form a compact space. The extra dimen-
sions can possess negative curvature [15] yet they can still be
compact [16]. Moreover, the geometry does not need to be fac-
torizable [17]. In general, shape and topology of the extra space
are entirely determined by the mechanism of dynamical com-
pactification.
In this work we discuss yet another compactification mecha-
nism induced by scalar fields. We will show that a single scalar
field living in a higher-dimensional spacetime can lead to dy-
namical compactification of the extra dimensions without in-
ducing a classical cosmological constant when it gravitates only
in those dimensions which are to be compactified. For proving
this statement, it is necessary to show first that a strictly flat
spacetime supports nontrivial scalar field configurations. This
we will do in Section 2. The next step is to show the compactifi-
cation of the extra dimensions into a D-dimensional manifold,
and this we will show in Section 3. We will conclude in Sec-
tion 4.
2. Partially gravitating scalar fields
Let us consider a real scalar field φ living in a (4 + D)-
dimensional spacetime with coordinates zA = (xμ, yi) where
μ = 0, . . . ,3 and i = 1, . . . ,D. Keeping the gravitational sector
minimal, the most general action integral takes the form
S =
∫
d4+Dz
√−g
{
1
2
MD+2 R−
1
2
gAB∂Aφ∂Bφ
(1)− 1
2
ζRφ2 − V (φ)
}
,
where we have adopted (−1,+1, . . . ,+1) metric signature, and
denoted the curvature scalar by R and fundamental scale of
gravity by M. There is no symmetry principle1 for avoiding
direct coupling of φ to the curvature scalar, namely, a scalar
field should always exhibit ζRφ2 type interaction with Ricci
scalar. Note that the scalar field theory in (1) exhibits conformal
1 The Goldstone bosons generated by spontaneously broken continuous sym-
metries is an exception. They do not couple to the curvature scalar directly
[18,19].invariance when V (φ) ∝ φ4+D and ζ = ζ4+D , where
(2)ζ4+D = D + 24(D + 3)
which equals 1/6 for D = 0 and 1/4 for D = ∞. This property,
however, is of little use since conformal invariance is explicitly
broken by the Einstein–Hilbert term, and full invariance cannot
be achieved unless it is replaced by a term quadratic in Weyl
tensor [19,20].
The action (1) attains its extremum when scalar and metric
fields obey their equations of motion
(3)RAB = TAB(φ)
MD+2 − ζφ2
,
(4)φ = ζRφ + V ′(φ),
where prime denotes differentiation with respect to φ. Here, the
source term for the Ricci tensor is given by
TAB(φ) = TAB − 1
D + 2gABg
CDTCD
= ∂Aφ∂Bφ − ζ∇A∇Bφ2
(5)+ 1
D + 2
(
2V (φ) − ζφ2)gAB,
where
TAB = ∂Aφ∂Bφ − gAB
(
1
2
gCD∂Cφ∂Dφ + V (φ)
)
(6)+ ζ(gAB− ∇A∇B)φ2
is the stress tensor of φ(zA). The second line at right-hand side
follows from direct coupling of φ to Ricci scalar, and it re-
mains nonvanishing even in the flat limit [21]. One can show
that ∇ATAB = −ζGCB∇Cφ2 where
(7)GAB =RAB − 12RgAB
is the Einstein tensor. It is clear that TAB + ζφ2GAB is a con-
served tensor source in agreement with the Bianchi identity.
The Einstein equations for the Ricci tensor, Eq. (3), guar-
antee that if TAB vanishes for a certain range of its indices
so does RAB for the same index ranges. When RAB vanishes
for a range of indices the metric tensor on that block will be
assumed to be ηAB . Therefore, a given range of indices for
which RAB = 0 will be interpreted to form a flat subspace in
a (4 + D)-dimensional spacetime. In the opposite case, when
TAB is nonvanishing for a range of indices so is RAB , and pre-
cise forms of the metric and scalar field are determined from
a self-consistent solution of (3) and (4). In the following we
discuss under what conditions TAB possesses specific texture
zeroes.
2.1. Nongravitating scalar field
We start our analysis by considering first a completely non-
gravitating scalar, i.e., we impose TAB = 0 for all A = (μ, i)
and B = (ν, j). This implies that RAB vanishes for all A,B
so that metric tensor may be assumed to take the form ηAB =
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first TAB for A = B . These equations receive contributions from
the first line of the second equality in (5) only, and they enforce
φ to have the form
(8)φ = ψ− 2ζ1−4ζ ,
where ψ is another real scalar field. Then vanishing of the diag-
onal entries of TAB further determines ψ to be a second order
polynomial in zA, and V (φ) to be a function of φ only. Conse-
quently, one finds for φ(z)
(9)φ(z) ≡ φ0(z) =
(
a˜
2
ηABzAzB + ηABzAp˜B + b˜
)− 2ζ1−4ζ
,
where a˜, b˜ and p˜A are constants of integration. For φ(z) to take
this rather specific form its self-interaction potential must equal
V (φ0) = 16a˜(D + 3) ζ
2
(1 − 4ζ )2 (ζ − ζ4+D)φ
1
2ζ
0
(10)+ 2(ηABp˜Ap˜B − 2a˜b˜) ζ
2
(1 − 4ζ )2 φ
1−2ζ
ζ
0
which explicitly depends on the parameters of (9). Conse-
quently, for TAB to vanish the scalar field itself does not need
to vanish; all that is required is to devise a self-interaction
potential (10) on the specific solution (9) for φ(z). One no-
tices that this nongravitating nontrivial field configuration arises
thanks to the ζ dependent terms in TAB or equivalently the non-
minimal coupling of φ to the curvature scalar. Indeed, when
ζ → 0 the scalar field reduces to a constant and V (φ) → 0,
which is a trivial configuration.
It is not hard to see that (9) and (10) also nullify TAB , the
true energy–momentum tensor of φ in (6). Actually, this coin-
cidence is expected since the Einstein tensor vanishes whenever
the Ricci tensor vanishes. The fact that a nonminimally coupled
scalar field possesses a nontrivial configuration despite its van-
ishing TAB has recently been discussed in [22], and field and
potential solutions in (9) and (10) have already been obtained
therein. The solution for φ in (9) represents a shock wave prop-
agation. The wave front is spherical for p˜A = 0 and planar for
a˜ = 0. When ζ = ζ4+D the first term in potential drops out,
and the second term becomes proportional to φ−(D+4)0 , which
is precisely what is required by conformal invariance [19,20].
An interesting property of the potential function (10) is that
its minimum varies with ζ . Indeed, for ζ > ζ4+D it is mini-
mized at φ = 0 whereas its minimum occurs at
(11)φ¯ =
(
(D + 3)(ζ − ζ4+D)
2ζ − 1
4a˜
ηABp˜Ap˜B − 2a˜b˜
) 2ζ
1−4ζ
when ζ < ζ4+D and ηABp˜Ap˜B − 2a˜b˜ > 0. In this sense the
conformal value of ζ represents a threshold point below and
2 The purely nongravitating scalar field configuration discussed in this sub-
section is not new at all; it has been shown to exist already in [22] where one
can find a more detailed description of the solution of TAB = 0. This subsection
is included here for completeness of the discussions.above which the lowest energy configuration for V (φ0) drasti-
cally changes.
So far we have discussed only the solution of TAB = 0 with
no mention of the equation of motion of φ in (4). Actually,
the field configuration (9) with V (φ) given in (10) automati-
cally satisfies (4). This observation is correct for all parameter
ranges; in particular, at the two possible minima of the poten-
tial: φ = 0 and φ = φ¯. Therefore, it is not necessary to require
φ to take nonconstant values as claimed in [22].
2.2. Partially gravitating scalar field
In this section we discuss cases where φ gravitates only in a
subset of dimensions. The construction of completely nongrav-
itating scalar above will serve as a useful guide for our analysis.
We will look for metric and scalar field configurations in agree-
ment with the following TAB texture:
(12)Tμν(φ) = 0,
(13)Tμj (φ) = Tiν(φ) = 0,
(14)Tij (φ) = 0,
where Tij (φ) determines topology and shape of the extra space
via (3). As mentioned before, when TAB vanishes for a cer-
tain range of indices so does the Ricci tensor. This, however,
is not a trivial condition when φ gravitates in a subset of di-
mensions only. To clarify this point consider, for instance, the
constraint (12). It guarantees that Rμν = 0; however, it cannot
guarantee, even with gμν = ημν , that the quartet (x0, x1, x2, x3)
forms a flat space. The reason is that ∇μ∇νφ2 = ∂μ∂νφ2 if and
only if the connection coefficients, Γ ABC , satisfy Γ
A
μν = 0 for
all (A,μ, ν). This is guaranteed if gμj and giν depend only on
the extra dimensions. On the other hand, considering Tμj and
Tiν , one finds that ∇μ∇i = ∂μ∂i if gμj and giν both are con-
stants with respect to all coordinates xA, and if gij depends
only on the extra dimensions. These flatness conditions on dif-
ferent groups of coordinates implies that the metric tensor gAB
must conform to structure of TAB in (12)–(14):
(15)gμν = ημν,
(16)gμj = giν = 0,
(17)gij = gij (y)
which exhibits a block-diagonal structure as it should for extra
coordinates {yi} to be compactified, i.e., decoupled from the
rest. With this structure for the metric tensor, the source term of
the Ricci tensor Rμν in four dimensions takes the form
Tμν(φ) = ∂μφ∂νφ − ζ∂μ∂νφ2
(18)+ 1
D + 2
(
2Vnew(φ) − ζηαβ∂α∂βφ2
)
ημν
as follows from (5). Hence, as seen from four dimensions, the
self-interaction potential of φ is not the original one V (φ), but
(19)Vnew(φ) = V (φ) − 12ζg
ij∇i∇jφ2
which involves derivatives of φ2 with respect to extra coordi-
nates {yi}. For Tμν(φ) to vanish, first of all, the scalar field
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(20)φ(z) ≡ φ0(z) =
(
a
2
ημνxμxν + ημνxμpν + b
)− 2ζ1−4ζ
in analogy with (9) derived in Section 2.1. Here, in principle,
all the parameters a, b and pμ are functions of the extra coor-
dinates {yi}, and their mass dimensions are 2 − (1 − 4ζ )(D +
2)/4ζ , −(1 − 4ζ )(D + 2)/4ζ and 1 − (1 − 4ζ )(D + 2)/4ζ , re-
spectively. The scalar field configuration (20) describes a shock
wave propagation in four dimensions at each point {yi} of the
extra space.
Having φ(z) obeying to (20) is not sufficient for nullifying
all components of Tμν , however. Indeed, for Tμν to vanish com-
pletely the self-interaction potential felt by φ0(z) must have the
special form
V˜ (φ0) = 8a(D + 6) ζ
2
(1 − 4ζ )2 (ζ − ζcrit)φ
1
2ζ
0
(21)+ 2(ημνp˜μp˜ν − 2ab) ζ
2
(1 − 4ζ )2 φ
1−2ζ
ζ
0
which is to be contrasted with the potential function (10) of
purely non-gravitating scalar field discussed in Section 2.1. The
most important difference between the two potentials comes
from replacement of ζ4+D in (10) by
(22)ζcrit = (D + 4)4(D + 6)
which ranges from 1/6 at D = 0 to 1/4 at D = ∞. These two
critical ζ values, ζcrit and ζ4+D , agree at D = 0 and D = ∞,
but behave differently in between. Clearly, ζcrit arises from 1/
(D + 2) factor in (18), and the two potentials (10) and (21) co-
incide when D = 0. In other words, (18) is not the true stress
tensor of a scalar field living in four-dimensions; it is just cross
section of the stress tensor of a scalar field living in (4 + D)
upon four-dimensional subspace. It is with the special solu-
tion (21), i.e., it is with
(23)Vnew(φ0) = V˜ (φ0)
which holds on φ(z) = φ0(z) that all ten components of Tμν
and hence those of Rμν vanish with a strictly flat metric ημν .
Having determined under what conditions Tμν vanishes, we
now look for implications of (13). Obviously, vanishing of Tμj
and Tiν is guaranteed if φ0(z) in (20) does not involve mixed
terms of xμ and yi . In other words, the parameters a, ζ and pμ
must be global constants yet b = b(y). The dependence of b on
extra dimensions is rather general; all that is needed is to sat-
isfy equations of motion self-consistently. For future reference,
taking a > 0 and pμpμ − 2ab(y) > 0, one notes that V˜ (φ0) is
minimized at φ0 = 0 for 1/4 > ζ > ζcrit, and at φ0 = φ¯ with
(24)φ¯ =
(
(D + 6)(ζ − ζcrit)
2ζ − 1
2a
ημνpμpν − 2ab(y)
) 2ζ
1−4ζ
for ζ < ζcrit. Clearly, unless the shock wave propagation in four
dimensions is a spherical one, a = 0, this very minimum of
V˜ (φ0) is neither possible nor meaningful.Finally, we analyze implications of a finite Tij . By construc-
tion, Tij does not vanish and hence extra space experiences a
nontrivial curving. On the field configuration (20) for which
Tμν , Tiν and Tμj vanish identically, equations of motion for
the metric tensor and φ0 take the form
(25)Rij = Tij (φ0)
MD+2 − ζφ20
,
gij∇i∇jφ0
(26)= ζRφ0 + V ′(φ0) − V˜ ′(φ0) − aD ζ1 − 4ζ φ
1−2ζ
2ζ
0 ,
where the Ricci tensor is sourced by
(27)Tij (φ0) = ∂iφ0∂jφ0 − ζ∇i∇jφ20 −
4aζ 2
1 − 4ζ φ
1
2ζ
0 gij
which require φ to possess the specific solution φ0 given in (20).
A simultaneous solution of (25) and (26) completely determines
the curvature scalar
R= 1
MD+2
{(
2 − 1
ζ
)(
V˜ (φ0) − V (φ0)
)
(28)+ φ0
(
V˜ ′(φ0) − V ′(φ0)
)+ aDζφ 12ζ0
}
which is a measure of the degree to which the extra space is
curved.
Having worked out the question of under what conditions a
bulk scalar in 4 + D dimensions gravitates only in a subgroup
of dimensions, we now turn to a discussion of the role and na-
ture of the self-interaction potential Vnew(φ) of φ(z). First of
all, Vnew(φ) is the scalar potential felt by a generic scalar field
when the higher-dimensional metric obtains the block diago-
nal structure in (15)–(17). In other words, it refers to part of
the action density when all derivatives with respect to xμ are
dropped. In fact, it is not more than a rearrangement of the
terms involving derivatives with respect to extra dimensions so
that action density looks like a four-dimensional one to facili-
tate analysis of Tμν = 0. In particular, Vnew(φ) has nothing to
do with the effective potential one would obtain by integrat-
ing out degrees of freedom associated with extra dimensions.
It is neither a four-dimensional effective potential in the com-
mon sense of the word nor a (4 + D)-dimensional effective
potential; it is a local function of coordinates, and by taking the
specific form V˜ (φ), it directly participates in flattening of the
four-dimensional spacetime and in curving of the extra space
via the equations of motion (25) and (26). To stress again, V˜ (φ)
is just an analog of (10), and mathematically it is highly useful
since its extrema in (24) will feature in the next section when
we discuss compactification of the extra dimensions.
In summary, the entire dynamical problem has thus reduced
to a self-consistent solution of (25) and (26). The unknowns
of the problem are the metric tensor gij (y) and b(y). Once
these two parameters are fixed one obtains a precise descrip-
tion of the geometry and shape of the extra space. The terms
involving derivatives with respect to xμ in the original equa-
tions of motion (3) and (4) have been eliminated by using the
explicit expression of φ in (20). It is easy to see that, when
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ponents of Tij vanish and entire (4+D)-dimensional spacetime
becomes flat, as discussed in detail in Section 2.1. All other
forms of b(y) lead to a nontrivial curving of the extra space. In
the next section we will analyze (25) and (26), and discuss their
implications for compactification of the extra dimensions.
3. Spacetime compactification
Spontaneous compactification of (4+D)-dimensional space-
time M4+D into a four-dimensional flat spacetime M4 spanned
by the four macroscopic dimensions times a D-dimensional
manifold ED means that M4 ⊗ ED is an energetically preferred
solution compared to M4+D [11,13]. The analysis in Section 2.2
made it clear that flatness of M4 is governed by V˜ (φ) not by
V (φ). Indeed, V (φ) is the self-interaction potential of φ in
(4 + D) dimensions whereas Vnew(φ) is the potential of the
same scalar as seen from a four-dimensional perspective (see
(18) which has to vanish for flattening the four-dimensional
subspace). In this sense, higher-dimensional spacetime config-
uration consisting of a strictly flat four-dimensional geometry
times an extra curved manifold becomes energetically prefer-
able only at those φ0 values for which V˜ (φ0) is a minimum.
As follows from Section 2.2, by taking a > 0 and ημνpμpν −
2ab(y) > 0 for definiteness, the scalar potential V˜ (φ0) is found
to possess two minima: φ0 = 0 (for ζ > ζcrit) and φ0 = φ¯
(for ζ < ζcrit) given in (24). In the minimum of V˜ (φ0) at
φ0 = 0, the scalar field equation (26) is consistently solved if
V (φ0) = V˜ (φ0), i.e., V (0) = 0. This, in fact, follows from (19)
which implies that V (φ0) must be equal to V˜ (φ0) for any y in-
dependent φ0 configuration. With φ0 = 0 and V (0) = 0, Ricci
tensor and curvature scalar are found to vanish identically, as
follows from (25) and (28). It is clear that the whole picture
is consistent since a vanishing φ possesses a vanishing TAB
if its potential does also vanish at the field configuration under
concern. Consequently, the minimum of V˜ (φ0) at φ0 = 0 repre-
sents a Ricci-flat manifold. This, as mentioned at the beginning
of Section 2, may be taken to indicate a strictly flat space, i.e.,
gij = ηij . One thus arrives at the conclusion that if V˜ (φ0) is
minimized at φ0 = 0 and if V (0) = 0 then the resulting space-
time is a (4 + D)-dimensional Minkowski spacetime M4+D ,
i.e., there is no compactification effect at all. The extra space is
a strictly flat manifold as the four-dimensional subspace itself.
For ζ < ζcrit, the potential V˜ (φ0) is minimized at a nonzero
φ0 value given in (24). The dynamical equations governing the
compactification process are (25) and (26) where now φ0 is re-
placed by φ¯. All one is to do is to solve dynamical equations
for determining gij (y) (with D(D + 1)/2 independent compo-
nents) and b(y) in a self-consistent fashion. These two must
give a complete description of the shape and topology of the
extra space.
We schematically illustrate the two minima and correspond-
ing spacetime structures of V˜ (φ) in Fig. 1. The overall pic-
ture is that as ζ makes a transition from ζ > ζcrit regime to
ζ < ζcrit regime the spacetime structure changes from M4+D to
M4 ⊗ ED spontaneously. The topology and shape of the extraFig. 1. The two minima of V˜ (φ) and the corresponding spacetime structures.
space are determined by simultaneous solutions of (25) and (26)
for φ0 = φ¯, defined in (24).
An analytic solution of the topology and shape of the extra
space is quite difficult to implement since (25) and (26) exhibit
a functional dependence on b(y) and b(y) itself depends on
gij (y) via contraction of the extra coordinates. Therefore, one
may eventually need to resort numerical techniques to deter-
mine the structure of the extra space. Despite these difficulties
in establishing an analytic solution, it may be instructive to an-
alyze certain simple cases by explicit examples.
3.1. Constant curvature space
The simplest φ¯ configuration which admits an analytic so-
lution of (25) and (26) is provided by the ansatze b(y) = b0, a
completely y independent configuration. The equation of mo-
tion for φ¯ (26) is satisfied with V (φ¯) = V˜ (φ¯) as expected
from (19). A self-consistent solution of (25), (26) and (28) gives
(29)Rij = R
D
gij with R= aD1 − 4ζ φ¯
1−4ζ
2ζ ,
where vacuum expectation value of the scalar field is fixed
via the consistency condition MD+2 = ζ(1 − 4ζ )φ¯2. In other
words, the fundamental scale of gravity in (4 + D) dimen-
sions, M, fixes the vacuum expectation value of the bulk
scalar φ0 which is already designed not to gravitate in the four-
dimensional subspace. The integration constants a, b and pμ
in (20) are naturally O(M)—the only mass scale in the bulk.
In fact, by taking a = λM2−
1−4ζ
4ζ (D+2)
 with λ being a dimen-
sionless constant, one finds
(30)R= λDζ 4ζ−14ζ (1 − 4ζ )− 14ζ M2
which is completely determined by ζ , D, λ and M. The result-
ing spacetime topology is obviously M4 ⊗ ED with ED being a
D dimensional manifold with positive constant curvature. The
coordinates {yi} may or may not be compact. The constant b(y)
case under discussion offers an elegant way of solving (25)
and (26) and it results in an intuitively simple interpretation
of the manifold formed by extra dimensions. Indeed, the self-
interaction potential V (φ), on the partially-gravitating config-
uration φ0 in (20), gets converted into V˜ (φ0) whose minimum
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essence, the would-be cosmological term, V (φ¯), as seen from a
four-dimensional Poincaré-invariant perspective via (18) is off-
loaded and utilized in curving the extra space (in similarity with
the mechanism advocated in [23] for solving the cosmological
constant problem).
3.2. More general cases
Some further properties of (25) and (26) can be revealed by
using an appropriate coordinate system. A suitable setting for
such an analysis is provided by the Riemann normal coordinates
which are defined by a locally-flat space attached to a point N
of the manifold of extra dimensions. The local flatness of the
space at (not in any neighborhood of) the point N implies that
∂igjk ≡ 0 for all i, j, k = 1, . . . ,D at N , i.e., all components of
the connection coefficients Γ ijk vanish at N . Clearly, curvature
tensors do not need to vanish at N since they involve not only
Γ ijk but also their first derivatives. Consequently, one finds
(31)T (N)ij (φ¯) =
4ζ 2
1 − 4ζ φ¯
1
2ζ
(
1 − 2ζ
(D + 6)(ζ − ζcrit)∂i∂j b − agij
)
so that Rij , unlike (29) where it is strictly proportional to gij ,
now picks up novel structures generated by ∂i∂j b. In other
words, it is the y dependence of b(y) that enables Rij to de-
velop new components not necessarily related to those of the
metric field.
Having replaced covariant derivatives with ordinary ones in
this particular coordinate system, it is now possible to exam-
ine implications of different y dependencies of b(y). If b(y)
exhibits a linear dependence, b(y) = gijp′iyj , then the Ricci
tensor turns out to depend on p′kxl∂i∂j gkl which involves cur-
vature tensors rather than the metric tensor itself. When b(y)
is quadratic in y, b(y) = (a′/2)yiyi , the Ricci tensor now in-
volves 2a′gij + a′xkxl∂i∂j gkl which again depends on curva-
ture tensors computed at the point N . Consequently, when b(y)
exhibits an explicit y dependence the Ricci tensor involves not
only the metric tensor itself (as in (29) holding for constant-
curvature spaces) but also double derivatives of the metric ten-
sor, i.e., the curvature tensors. More general dependencies are
expected to yield more general structures for the geometry and
topology of the extra space.
In general, irrespective of what coordinate system is chosen
b(y) is a bounded quantity. Therefore, it forces extra dimen-
sions to take values within a hyperboloid. Indeed, a quadratic
polynomial dependence for b(y), for instance, results in
(32)a
′
2
yiy
i + p′iyi + b0 <
pμp
μ
2a
so that extra dimensions are bounded to have a finite size.
For a purely quadratic dependence one finds yiyi < pμpμ/aa′
which gives an idea on the maximal size a given dimension
yi can have. However, for more general, in particular, non-
polynomial y dependencies of b(y) its bounded nature may
not imply any size restriction on the extra space at all. One
keeps in mind that all model parameters must eventually re-
turn the correct value of Newton’s constant in four dimensions:∫
dDy
√−g = 8πGNMD+2 . This constraint requires the ex-
tra space to be of finite volume irrespective of the nature of the
manifold [8,9,11–14].
4. Conclusion and future prospects
In this work we have introduced a new method of spon-
taneous compactification which involves a partially gravitat-
ing bulk scalar field. We have systematically constructed first
a completely non-gravitating scalar field and then a partially
gravitating one. We have examined scalar field configurations
and minimum energy configurations in each case. Finally, we
have discussed implications of a partially gravitating scalar for
spacetime compactification. Our analysis here serves as an ex-
istence proof of a novel scalar-induced compactification. In
particular, existence of a constant-curvature manifold for extra
dimensions, and other novel properties observed in the frame of
Riemann normal coordinates are particularly encouraging in-
dications for the fact that a single scalar field, nonminimally
coupled to the curvature scalar, can indeed lead to spontaneous
compactification of the extra dimensions.
Before concluding, it may be useful to discuss briefly some
aspects which have been left untouched in the text. The method
of compactification we have discussed can be straightforwardly
extended to cases with several scalar fields. However, bulk
fields with non-vanishing spin may not always exhibit a phys-
ically sensible configuration when Tμν = 0 is imposed (for
instance, a fermion Ψ (xμ, yi) acquires a vanishing energy–
momentum tensor when (γμ∂ν + γν∂μ)Ψ = 0 which comprise
the equations of motion but are much wider than them). There-
fore, we inherently assume that all fields but φ(xμ, yi) are
long-wavelength modes, and φ(xμ, yi), a gauge singlet scalar,
realizes dynamical compactification at energies O(M). The
low-energy fields disrupt strict flatness of M4 depending on
how their energy scale compares with M.
It is necessary to determine a simultaneous solution of (25)
and (26) for having a precise knowledge of the shape and topol-
ogy of the aimed-at manifold. In particular, these equations can-
not be guaranteed to be free of singularities in the extra space.
A detailed analysis is expected to shed light on nature of such
singularities (see, for instance, [24] for an analysis of the singu-
larities in braneworld scenarios with a self-tuning cosmological
term). Moreover, a full account of the spontaneous compact-
ification might require a numerical determination of variables
for sample values of the parameters. It will be after such an
analysis that one will have detailed information on under what
conditions the extra space takes a given shape and topology.
Another important issue is the determination of excitation
spectrum about the background geometry we have determined.
In other words, it is necessary to determine the graviparticle
spectra corresponding to normal modes generated by small os-
cillations about the background (see [12], for instance). This
involves shifts ημν → ημν +hμν , gij → gij +hij , φ(xμ, yi) →
φ(xμ, yi) + δ(xμ, yi) as well as small but finite values of gμj
and giν . In doing the spectrum analysis, particular care should
be payed to the fact that the partially gravitating scalar field
configuration in (20) depends explicitly on the metric tensor,
D.A. Demir, B. Puliçe / Physics Letters B 638 (2006) 1–7 7and thus, its variation stems from both δ(xμ, yi) and variations
of the metric components.
One final remark concerns the use of higher curvature grav-
ity. Indeed, higher-curvature gravity theories which generalize
Einstein–Hilbert action to a function f (R,R) of the curva-
ture scalar can be mapped, via conformal transformations, into
Einstein–Hilbert action plus a scalar field theory [19,25]. In this
context, the scalar field theory which facilitates the compactifi-
cation may be interpreted to have pure gravitational origin, and
this may entail possibility of spontaneous compactification via
higher curvature gravity.
These aforementioned points summarize some of the impor-
tant and yet-to-be done aspects of the compactification process
advocated in this work. In conclusion, we have shown that a
bulk scalar field in 4 +D dimensions can lead to a spontaneous
compactification of the extra dimensions without inducing a
classical cosmological constant when it gravitates only in those
dimensions which are to be compactified.
Acknowledgements
The work of D.A.D. was partially supported by Turkish
Academy of Sciences through GEBIP grant, and by the Scien-
tific and Technical Research Council of Turkey through project
104T503.
References
[1] T. Kaluza, Sitzungsber. Preuss. Akad. Wiss. Berlin (Math. Phys.) 1921
(1921) 966.
[2] O. Klein, Z. Phys. 37 (1926) 895.
[3] A. Einstein, P. Bergmann, Ann. Math. 39 (1938) 683.
[4] J.M. Overduin, P.S. Wesson, Phys. Rep. 283 (1997) 303, gr-qc/9805018.
[5] T. Appelquist, A. Chodos, P.G.O. Freund (Eds.), Modern Kaluza–Klein
Theories, Addison–Wesley, Menlo Park, 1987.
[6] N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, Phys. Lett. B 429 (1998)
263, hep-ph/9803315;
N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, Phys. Rev. D 59 (1999)
086004, hep-ph/9807344.
[7] C. Wetterich, Phys. Lett. B 113 (1982) 377;F. Mueller-Hoissen, Phys. Lett. B 163 (1985) 106.
[8] E. Cremmer, J. Scherk, Nucl. Phys. B 108 (1976) 409;
E. Cremmer, J. Scherk, Nucl. Phys. B 118 (1977) 61.
[9] Z. Horvath, L. Palla, E. Cremmer, J. Scherk, Nucl. Phys. B 127 (1977) 57;
Z. Horvath, L. Palla, Nucl. Phys. B 142 (1978) 327;
S. Randjbar-Daemi, R. Percacci, Phys. Lett. B 117 (1982) 41;
S. Randjbar-Daemi, A. Salam, J.A. Strathdee, Phys. Lett. B 124 (1983)
349.
[10] P.G.O. Freund, M.A. Rubin, Phys. Lett. B 97 (1980) 233.
[11] C. Omero, R. Percacci, Nucl. Phys. B 165 (1980) 351.
[12] M. Gell-Mann, B. Zwiebach, Phys. Lett. B 141 (1984) 333;
M. Gell-Mann, B. Zwiebach, Nucl. Phys. B 260 (1985) 569.
[13] J.M. Gerard, J.E. Kim, H.P. Nilles, Phys. Lett. B 144 (1984) 203.
[14] H. Nicolai, C. Wetterich, Phys. Lett. B 150 (1985) 347;
S. Randjbar-Daemi, C. Wetterich, Phys. Lett. B 166 (1986) 65;
A. Kehagias, C. Mattheopoulou, hep-th/0507010.
[15] I.Y. Arefeva, I.V. Volovich, Nucl. Phys. B 274 (1986) 619.
[16] N. Kaloper, J. March-Russell, G.D. Starkman, M. Trodden, Phys. Rev.
Lett. 85 (2000) 928, hep-ph/0002001;
D.A. Demir, M. Shifman, Phys. Rev. D 65 (2002) 104002, hep-ph/
0112090.
[17] L. Randall, R. Sundrum, Phys. Rev. Lett. 83 (1999) 4690, hep-th/9906064.
[18] M.B. Voloshin, A.D. Dolgov, Sov. J. Nucl. Phys. 35 (1982) 120, Yad.
Fiz. 35 (1982) 213.
[19] D.A. Demir, Phys. Lett. B 584 (2004) 133, hep-ph/0401163.
[20] A. Iorio, L. O’Raifeartaigh, I. Sachs, C. Wiesendanger, Nucl. Phys. B 495
(1997) 433, hep-th/9607110.
[21] C.G. Callan, S.R. Coleman, R. Jackiw, Ann. Phys. 59 (1970) 42.
[22] E. Ayon-Beato, C. Martinez, R. Troncoso, J. Zanelli, Phys. Rev. D 71
(2005) 104037, hep-th/0505086.
[23] N. Arkani-Hamed, S. Dimopoulos, N. Kaloper, R. Sundrum, Phys. Lett.
B 480 (2000) 193, hep-th/0001197;
S. Kachru, M.B. Schulz, E. Silverstein, Phys. Rev. D 62 (2000) 045021,
hep-th/0001206].
[24] S. Forste, Z. Lalak, S. Lavignac, H.P. Nilles, JHEP 0009 (2000) 034, hep-
th/0006139.
[25] J.D. Barrow, S. Cotsakis, Phys. Lett. B 214 (1988) 515;
K.I. Maeda, Phys. Rev. D 39 (1989) 3159;
S. Kalara, N. Kaloper, K.A. Olive, Nucl. Phys. B 341 (1990) 252;
G. Magnano, L.M. Sokolowski, Phys. Rev. D 50 (1994) 5039, gr-qc/
9312008;
D.A. Demir, S.H. Tanyildizi, Phys. Lett. B 633 (2006) 368, hep-ph/
0512078;
O. Aslan, D.A. Demir, Phys. Lett. B 635 (2006) 343, hep-ph/0603051.
